Abstract-Iron loss and copper loss are the significant parts of electrical loss of machines, which are the major parts particularly under high frequency condition. High-speed permanent magnet synchronous machines (HS-PMSM) have the benefits of high power density, high efficiency and wide speed range. Which causes the calculation for iron loss and copper loss in whole operating range complex. By analyzing the components and influencing factors of iron loss and copper loss in stator, we have deduced the calculation formula of iron loss and copper loss in whole operating range based on the analytical solution and finite element approach (EFA) solution. According to the calculation solution, taking the influence of operating temperature on the iron loss and copper loss into account, we propose a temperature correction factor and establish the calculation method for the iron loss and copper loss with temperature influences. Finally, by the conductor transposition, we restrain the circulating current under high-frequency operating condition.
drive system. Another advantage of high-speed machines is fast speed dynamic response due to their small moment of inertia. The types of. high-speed machines include induction machines, permanent-magnet machines and switched reluctance machines [1] [2] [3] . Among these machines, high-speed permanent-magnet machines without exciting field windings are favored because of the advantages of high density, high efficiency and wide speed range. Large-capacity, high-speed motor/generators are currently the research hotspots for advanced power equipment manufacturing in the world. In the field of defense, military, and new energy power equipment, the replacement of traditional mid-and low-speed motor/generators with high-speed permanent magnet motors/generators is an inevitable trend for the development of high-end power equipment in the future, and has become a leader to leading a new generation of high-end power equipment technology [4] - [5] .
The analytical methods and numerical methods commonly used at present can well calculate the core loss under a certain working condition [6] [7] [8] , but due to the wide speed range of the high-speed permanent magnet machines, the operating frequency range is relatively wide, the use of a certain frequency equivalent to other frequencies will cause larger errors, and it takes a lot of time to calculate the losses at all frequencies one by one. Another existing calculation method does not properly take the influence of temperature factors into account. Changes in the operating temperature will affect the core resistivity, thus affecting the eddy current loss. The operating temperature will also cause changes in the remanence of the permanent magnet, resulting in changes in the core flux density and no-load back-EMF, which will affect core losses
II. CALCULATION FOR STATOR LOSS IN TORQUE-SPEED ENVELOPE
The main formulas for stator core loss of permanent magnet motor include Stermanz formula and Bottorti formula. These formulae calculate the core loss of a working point of the permanent magnet synchronous motor [9] . It is impossible to quickly calculate the loss distribution in the whole work area, and it is impossible to calculate the influence of the temperature change on the loss. With the continuous improvement of the computing speed of computers and the progress of related software, the use of finite element method to calculate the core loss of the motor has become the preferred method. However, the above problems also exist. Through the analysis of the magnetic field lines of the permanent magnet motor, it can be seen that the distribution of the magnetic field lines is divided into two steps. The first is the main magnetic flux, that is, the teeth and the yoke that pass through the stator, and it forms a magnetic chain with the stator winding coils. The second is that only the teeth of the stator flow through the stator and are not interlinked with the stator coils, as shown in the figure 1. It can be considered that the loss produced by the stator core of the motor is a superposition of the core losses generated by the two operating modes with different magnetic circuits. The stator core loss caused by the first main magnetic flux is directly related to its magnetic flux amplitude and the resulting stator winding induced electromotive force. Similar to the stator core loss of a conventional induction motor, it can be represented by a polynomial approximation of the induced voltage E0. Voltage E0 is the voltage after the winding voltage drop. The magnetic circuit in the second case will cause additional core losses at the top of the teeth of the stator core, depending on the strength of the magnetic field applied to the stator and the corresponding equivalent voltage E0. And E0 and Ed can be determined by the motor d-q axis phasor diagram.
According to the improved Steinmet formula [10] , the hysteresis loss, eddy current loss, and stray loss which are the components of the stator core loss can be expressed as 
1.5 
Through the finite element simulation results at a certain frequency, the coefficient of formula 18 and formula 19 can be obtained, and the stator core loss at any frequency and arbitrary torque can be obtained. Without the loss of one simulation at different frequencies, the workload is reduced and the calculation efficiency is improved.
III. INFLUENCE OF THE OPERATING TEMPERATURE ON THE LOSS OF STATOR CORE
The influence of stator iron core temperature on the core eddy current loss is due to temperature-induced changes in core material resistivity, so the temperature-induced eddy current loss changes can be attributed to temperature-induced resistivity changes, eddy current loss changes and resistivity changes inversely [11] - [12] , it is available The hysteresis loss is caused by the material's B-H curve. A hysteresis loss occurs for every B-H curve of the core material. Because the effect of temperature on the hysteresis loss of the stator core must be analyzed, the effect of temperature on B-H characteristic curve must be analyzed.
The loss caused by one B-H cycle per unit volume of core material is
Therefore, by researching the influence of temperature on the relative permeability of iron core material, the influence of temperature on the characteristic B-H curve of iron core material can be obtained. Studies in the literature [13] - [14] have shown that the amplitude of µ with temperature changes in the range of 0-500°C is very small, but when the temperature is higher than 500°C, it decreases sharply with increasing temperature. This temperature range includes the normal operating temperature range of the permanent magnet motor.
When the motor temperature rises to the inflection point of µ, the permanent magnet of the permanent magnet motor has already been irreversibly demagnetized due to an excessively high temperature, and the insulation of the motor has been damage also due to an excessively high temperature. For common permanent magnet motors, relative permeability µr does not change with temperature as the motor temperature rises.
It can be seen from the above formula 18 and formula 19 that the hysteresis loss of the stator core is not only related to the relative magnetic permeability µ, but also to the strength of the magnetic field. In the case where the motor structure is determined, the magnetic field strength is related to the remanence of the permanent magnet Br, and the permanent magnet follows. As the temperature rises, the magnetic properties gradually decrease.
Permanent magnets such as neodymium iron boron, the change of the remanence of the permanent magnet directly affects the back EMF generated by the windings, and they have a linear relationship. Because the temperature and the winding back EMF also have a linear relationship, so it is possible to calculate the stator core loss caused by the change of permanent magnet performance caused by temperature changes.
There are no-load back-EMF Eprms in the formula 18 and formula 19, and its relationship with temperature change is as follows: 
Assuming that the stray loss of the motor does not change with the change of the operating temperature of the motor, the formula for calculating the global core loss when considering the change of the operating temperature of the motor can be obtained: 
IV. HIGH SPEED PERMANENT MAGNET SYNCHRONOUS MOTOR STATOR WINDING LOSS
When AC currents flow through a conductor, a time-varying magnetic field is generated in a plane perpendicular to the current. This time-varying magnetic field induces eddy currents in the conductor and other conductors parallel to the conductor if the size of the conductor is smaller than When the frequency of the large time-varying current is high, the eddy current induced by the time-varying magnetic field in the conductor will hinder the penetration of the magnetic field in the conductor, and only allow the magnetic field to penetrate into a certain depth of the conductor, so that the added time-varying current Induced eddy currents are superimposed on the surface of the conductor. Currents tend to be on the surface of the conductor, and no current passes through the center of the conductor [15] [16] [17] [18] . This is the skin effect caused by the high-frequency current. If the winding is composed of several wires, the time-varying magnetic field produced by each wire will affect the immediately adjacent wire while the high-frequency current causes the skin effect. As a result, the current on the adjacent wire does not uniformly flow through the wire cross-section, but is biased. On one side, this is the proximity effect, as shown in the Fig. 2. . When the AC current passes through the conductor, an eddy current will be generated in the conductor itself [19] - [20] . This eddy current is caused by the alternating magnetic field generated by the alternating current itself in the conductor, thus affecting the even distribution of the conductor at the cross section. . 1
With skin depth, we can think that most of the current is concentrated in the conductors in this thickness range.
For AC motors, because the number of leakage fluxes along the high cross section of the wire is not equal, the resulting induced potential is not the same, creating a vortex within the wire. The current is unevenly distributed across the cross-section of the wire, and the current in the wire tends to the surface, creating a skin effect, making the AC resistance larger than the DC resistance [21] .
To facilitate analysis of the skin effect of windings in AC motor slots by analytical methods, make the following assumptions:
1. Assume that current is sinusoidally changing with time; 2. The magnetic field strength vector in the tank is parallel to the bottom of the tank; 3. ignore the magnetic pressure drop of the stator core, ignore the insulating layer of the conductor.
Stator stator slots and windings are shown Fig. 3 . 
According to Ampere's Law of Circuits and Faraday's Law of Induction, when the sinusoidal current is passed through the stator windings, the relation between the magnetic field strength Hx and the current density Jz in the conductor can be obtained.
Where: δ ′ is penetration depth, µ is relative permeability, σ is the conductivity of Winding material,
The relationship between electric field strength Ez and current density Jz is:
The active power of the mth wire is: 
The AC resistance and DC resistance of the mth wire are: 2
Where, m I is the amplitude of AC current,L is calculated length of winding wire,From the above formula, the mth wire resistance increase coefficient can be obtained:
The average increase coefficient of n wire resistance in the slot is
It can be seen from the above equation that the skin effect of the stator winding wire of the AC motor increases as the conductivity and frequency increase, and the skin effect of the wire along the slot bottom to the slot top direction gradually increases, and the skin effect of the wire is most obvious in the conductors at the slot top of the stator,as shown in 
V. INFLUENCE OF TEMPERATURE ON HIGH-FREQUENCY ADDITIONAL LOSS
Through the analysis in the previous section, under the high-frequency alternating current, the loss of the stator winding wire can be divided into AC loss and DC loss [22] - [23] . Then the winding loss formula can be written as
The relationship between the temperature and the resistivity of the copper conductor is as follows:
Where,： 0 Cu ρ is the resistivity of the copper when the temperature is T0, CuT ρ is the resistivity of the copper when the temperature is T, α is the temperature coefficient of resistivity of the copper conductor According to the relationship between stator winding loss and stator current of the AC motor in the reference [24] , the temperature coefficient can be substituted into the winding loss formula, and the winding loss calculation formula when the working temperature of the permanent magnet synchronous motor is T can be obtained. 
When the working temperature of permanent magnet synchronous AC motor is T, the loss of DC winding is as follows:
Therefore, when the operating temperature of the permanent magnet synchronous motor is T, the loss of the AC winding and the loss of the DC winding when the operating temperature of the permanent magnet synchronous motor is T0 as follows:
Finally, when the permanent magnet synchronous motor operating temperature is T, the stator winding loss is ( ) 
Through finite element calculations or experimental measurements, AC winding losses and DC winding losses at a certain current and temperature at a certain frequency are obtained to ensure that the effective value and the DC current value of the AC current are equal, and the loss value can be obtained. With the ratio of the AC/DC resistance,
, at this temperature T0, the winding losses of the PMSM at different frequencies and temperatures can be obtained by the above formula.
VI. RESTRAINT APPROACH FOR CIRCULATING CURRENT IN WINDINGS
In the high-speed permanent magnet motor, because the speed is high, the number of series turns per phase is often very small, and it is more suitable to use multiple parallel branch windings. However, according to the above analysis, the wires near the stator slots are affected by the skin effect and proximity effects have a greater impact. Compared to the conductors at the bottom of the trench, the current in the upper part of the trench tends to concentrate on the surface, which can cause unbalanced circulation and eventually lead to inconsistent currents in the parallel conductors [25] - [26] . In the high-speed permanent magnet motor, in order to reduce the eddy current loss of the winding conductor, thin wires are generally adopted. Each turn of the conductor is usually composed of several parallel strands. Each parallel strand of the coil is stacked in the height direction of the stator slot. In the stator slots, the magnetic field weakens in the height direction of the stator slot, that is, in the radial direction. The difference in magnetic density between the top and bottom of the slot is relatively large, generally up to 0.25T. Considering the difference bewteen the positions of the conductors in the slots and the winding skin effect and proximity effect under high frequency, will have a great circulating current, which increases the loss of windings [27] .
A high-speed permanent magnet motor model with 8 internal conductors per slot has been built. To simplify the calculation, single-layer windings are modeled and only the A-phase windings are retained for simulation, as shown in the figure.
The schematic diagram of the arrangement of the A-phase winding in the slots is shown in the figure. The 8 conductors are wound in one turn. The 8 conductors of each coil are located in different positions of the magnetic field in the stator slots [28] . The induced EMF of conductors have a large difference, and the permanent magnet high-speed motor is operated under high-frequency operation condition. The skin effect and proximity effect affected by the conductors will increase the difference in induced EMF between the wires. Since these 8 conductors eventually form a coil in parallel, a large circulating current will flow though these conductors [29] . Simulation of the model at 24,000 rpm gives the values of the induced electromotive force generated by the 8 conductors in a rotating magnetic field, as shown in the figure. From the Fig. 5 , it can be seen that there is a difference between the values of the induced EMF generated by the 8 conductors, and the maximum value can be more than 9V. The conductor with the largest induced EMF is the nearest to the slot top. The EMF generated by the conductor 1, due to the fact that the density of the magnetic field at the location of the conductor 1 is the largest and the conductor is located at the top, and the influence of the skin effect and the proximity effect is relatively small. The conductor with the smallest induced EMF is not the conductor 8 but the conductor 7 at the bottom of the slot. This is because of the skin effect and proximity effect of the conductor under high frequency conditions, except that the density of the magnetic field at the conductor affects the induced electromotive force of the conductor. It also affects the induced electromotive force of the conductor. The conductor 8 is at the bottom of the winding. The skin effect and the proximity effect are relatively small. Compared to the conductor 7, the influence of the conductor 7 is relatively large, so the induced electromotive force of the conductor is also relatively small. The difference between the induced electromotive force of conductor 1 and conductor 7 is as shown in the figure. The maximum amplitude is 10.46484V,as shown Fig6-7, because the resistance value of the winding is relatively small. This potential difference can generate tens of amps of internal winding circulation and increase the loss of the winding. The EMF generated by the conductor 1, due to the fact that the density of the magnetic field at the location of the conductor 1 is the largest and the conductor is located at the top, and the influence of the skin effect and the proximity effect is relatively small. The conductor with the smallest induced EMF is not the conductor 8 but the conductor 7 at the bottom of the slot. This is because of the skin effect and proximity effect of the conductor under high frequency conditions, except that the density of the magnetic field at the conductor affects the induced electromotive force of the conductor. It also affects the induced electromotive force of the conductor. The conductor 8 is at the bottom of the winding. The skin effect and the proximity effect are relatively small. Compared to the conductor 7, the influence of the conductor 7 is relatively large, so the induced electromotive force of the conductor is also relatively small. The difference between the induced electromotive force of conductor 1 and conductor 7 is as shown in the figure. The maximum amplitude is 10.46484V, because the resistance value of the winding is relatively small. This potential difference can generate tens of amps of internal winding circulation and increase the loss of the winding. In the production, the slot conductors can be coiled with transposing coils. This is mainly used to restrain the skin effect caused by high-frequency currents, and the wires are transposed through the slots. The circulating current has been weakened, the loss is reduced, or the windings are star-connected, and a separate neutral point is set for each parallel branch. The neutral points of different parallel branches are insulated from each other and are not connected to each other. the circulating current caused by the unbalanced branch can be effectively restrained.
Multiplexing of the parallel branch to set the neutral point alone will result in complex end processes. The simplest and most effective method to eliminate the circulation is to perform transposition of the conductor in the slot. The schematic diagram of the transposition of the conductor in the slot is shown in the Fig. 8 . Each turn consists of 8 conductors. The 8 conductors in the radial direction are transposed between the layers, so that the conductor distribution of each winding coil is in different positions in the magnetic field, so as to ensure There is basically no difference in the induced electromotive force of each conductor after transposition. As shown in the figure, the induced electromotive force of a pair of lower pole conductors after transposition in the slot can be clearly seen that the difference of the induced potentials of the eight conductors is eliminated, and the difference between the maximum and the minimum value of the induced potential is shown in the Fig9-10. The maximum amplitude of the induced potential is less than 30mV. It can be considered that the induced potential difference is basically eliminated and the circulation can be effectively suppressed. 
VII. CONCLUSION
High-speed permanent magnet synchronous motor has characteristics of high speed, wide speed range, and large frequency range. This paper analyzes the composition and influencing factors of stator core loss and winding loss, and deduces stator loss in the torque speed envelope by analytical method combined with finite element method. The calculation method of the winding loss and the influence of the operating temperature on the calculation of the core loss and the winding loss were analyzed. The temperature correction coefficient was proposed and calculation method for computing the temperature factor in the torque-speed envelope was obtained. Finally, it is proposed that proper winding coil wire transposition technique used to reduce the internal circulating current caused by the induced voltage difference of the wire in different positions in the slots caused by high frequency, reduce the additional copper consumption and improve the reliability of the high-speed permanent magnet synchronous motor.
